The tumor suppressor phosphatase and tensin homolog (PTEN) is a lipid and protein phosphatase that is able to antagonize the PI3K/AKT pathway and inhibit tumor growth. PTEN also possesses phosphatase-independent functions. Genetic alterations of PTEN may lead to the deregulation of cell proliferation, survival, differentiation, energy metabolism and cellular architecture and mobility. Although the role of PTEN in tumor suppression is extensively documented and well established, the evidence for its roles in immunity did not start to accumulate until recently. In this review, we will focus on the newly discovered functions of PTEN in the regulation of innate and adaptive immunity, including antiviral responses.
PTEN AND TUMOR SUPPRESSION
In 1997, two groups independently found that there is a tumor suppressor gene located on chromosome 10q23. 1,2 Li et al. 1 named the gene PTEN, abbreviated from phosphatase and tensin homolog (PTEN) deleted on chromosome 10, which is mutated in human brain, breast and prostate cancer. Steck et al. called it MMAC1 and found that its protein had motifs with significant homology to the catalytic domain of protein phosphatases and to the cytoskeletal proteins, tensin and auxilin. Currently, it is well established that PTEN is a bi-functional phosphatase, and its substrates can be lipids or proteins. 3 The major biological function of PTEN relies on its phosphatase activity, which dephosphorylates phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3) to PtdIns(4,5)P2, therefore inhibiting the phosphatidylinositide 3-kinase (PI3K) signaling pathway. The PI3K signaling pathway plays important roles in regulating cell metabolism, survival, proliferation, apoptosis, growth and migration. Thus, PTEN exerts tumor suppressive functions by suppressing the PI3K pathway. 4 Somatic loss-of-function mutations of PTEN can contribute to or can drive a malignant phenotype in a variety of human cancers, including breast cancer, endometrial carcinoma, glioblastoma multiforme, and skin and prostate cancers. There are 1478 unique mutations of the PTEN gene that have been found in tumor cells (http://cancer.sanger.ac.uk/cosmic/search? q = pten). Some mutations can even directly change the conformation of PTEN or can impair its phosphatase activity. Researchers have also discovered that mutation of one of the PTEN alleles could affect the function of PTEN. The most typical pathology induced by PTEN mutation is PTEN hamartoma tumor syndrome (PHTS). 5 PHTS confers an increased risk for specific malignancies, mostly breast, thyroid, renal and endometrial cancers.
The role of PTEN as a tumor suppressor gene has been well established, 4, 6, 7 and new substrates and functions of PTEN have also been reported. Recently, numerous studies have demonstrated that many proteins involved in immune signaling pathways and immune cell development are regulated by PTEN, indicating that PTEN also plays critical roles in immunological activities. These findings reveal that a functional bridge may exist between PTEN and its ability to drive tumor suppression as well as immune regulation. In this review, we will highlight the functions and regulation of PTEN in adaptive and innate immunity, including antiviral responses.
BIOCHEMICAL PROPERTIES AND FUNCTIONS OF PTEN
The PTEN gene maps to chromosome 10q23 in humans and is usually expressed as a 403-aa protein. Recently, a translational variant, PTEN-Long (PTEN-L), has been described that has a 173-residue N-terminal extension (NTE) produced by translating from an upstream non-canonical in-frame start site CUG. 8 PTEN has four functional domains, including an N-terminal phosphatase domain (aa 1-185), a C2 domain (aa 186-349), a C-tail (carboxyl-terminal) domain and a PDZ-BD (PDZ-binding) domain 9 (Figure 1a) .
The N-terminal domain of PTEN, also the phosphatase domain, is homologous to tensin and auxilin and contains a phosphatase active site: HCxxGxxR. The structure of this domain consists of a central five β-sheets and two α-helices on one side and four α-helices on the other side (Figure 1b) . Compared with the vaccinia H1-related phosphatase and Y-specific protein tyrosine phosphatases (PTPases), the PTEN active-site pocket is both wider and deeper, making it able to accommodate larger substrates such as PtdIns(3,4,5)P3 and some proteins. The N-terminal domains can also interact with each other and mediate dimer formation of PTEN. 9 The PTEN C2 domain is structurally similar to the C2 domains of phospholipase Cδ1, phospholipase A2 and protein kinase C beta (PKCβ), which can bind to phospholipid vesicles and regulate the subcellular localization of PTEN. In addition, the C2 domain is important for PTEN dimer formation, although it does not directly associate with the dimer interface of PTEN. The C2 domain also interacts with the phosphatase domain of PTEN and regulates its phosphatase activity. 9 The C-tail domain is a disordered domain in the PTEN monomer but is well folded in the PTEN dimer. Moreover, the C-tail domain is important for PTEN activity, stability, homodimer formation and post-translational modification, such as ubiquitination and sumoylation. Phosphorylation of the C-tail domain reduces PTEN activity. 10 PDZ-BD domains are found in numerous proteins, such as Vangl2, which normally mediate protein-protein interactions through binding to proteins containing PDZ domains. 11 The PTEN PDZ-BD (aa 384-403) domain is a functional type 1 PDZ-binding motif (PDZ-BM). 12 The C-terminal eight residues 'HTQITKVT' of PTEN are important for specific recognition of PDZ domains, and the phosphorylation of proximal residues of the PTEN C-terminal tail (Ser380/Thr382/Thr383) can diminish binding to PDZ domains, likely by maintaining the C terminus of PTEN in a closed conformation. 13, 14 Mostly, PTEN can function as a phosphatase to adjust the phosphorylation status of lipids and proteins, thereby regulating their functions. The dephosphorylation activity is determined by the structure of the N-terminal domain of PTEN but is regulated by its C2 and C-tail domains, which are enhanced upon homodimer formation. In solution, PTEN can switch between open and closed states, and phosphorylation of the C-tail favors a closed conformation. 15 In addition, PTEN can also interact with proteins through C-2 and PDZ-BD domains, which have a more extensive function. 12 PTEN is located both in the cytoplasm and nucleus and can be secreted from cells. The optimal substrate of PTEN is PtdIns (3,4,5)P3 in the cytoplasm. 4 PtdIns(3,4,5)P3 is a phospholipid that resides on the plasma membrane, the level of which increases rapidly following physiologic stimulation. Normally, PTEN can translocate to the cytoplasmic side of the plasma membrane and can dephosphorylate PtdIns(3,4,5)P3 to PtdIns (4,5)P2 to inhibit the PI3K signaling pathway in cells, therefore significantly affecting cell behavior (Figure 1c) . PtdIns(4,5)P2 is not only a product of PtdIns(3,4,5)P3 via dephosphorylation by PTEN but also a requirement for PTEN membrane binding. 15 In addition, binding of PTEN with the plasma membrane is also regulated by the phosphorylation status of PTEN. [16] [17] [18] This interaction is delineated in more detail in the following sections.
Increasing evidence indicates that PTEN can function in the nucleus and can play an important role in transcriptional regulation, chromosome stability, DNA repair and cell cycle arrest. There is no evidence proving that PTEN has a nuclear localization signal sequence and its nuclear localization may be regulated by different chemical modifications, such as phosphorylation, ubiquitylation and SUMOylation. 19, 20 Within the nucleus, PTEN can act as a phosphatase or can bind with other proteins to participate in different nuclear processes. cAMP response element-binding protein (CREB), a cellular transcription factor, has been shown to be a nuclear substrate of PTEN in vivo and in vitro. 21 Its phosphorylation could be enhanced independently of PI3K/AKT signaling when PTEN is deleted. PTEN could regulate gene transcription and cell growth in a CREB-mediated manner. 21 Despite the de-phosphorylation functions of PTEN, PTEN can bind proteins through different domains and can function in a phosphatase-independent manner. Shen et al. 22 found that nuclear PTEN can bind with centromeric protein C, an integral component of the kinetochore, through its C-tail domain and thus participate in guarding chromosomal integrity. In the nucleus, PTEN can recruit Rad51 to the DNA replication fork and can regulate DNA replication progression. In addition, deletion of PTEN can initiate a replication stress cascade and thus regulate the cell cycle. 23 PTEN-L is a secretory translational variant. It has an additional 173 aa at the N terminus of PTEN. The NTE of PTEN-L is intrinsically disordered. Moreover, it harbors a secretion signal sequence and a poly-arginine stretch as a signal sequence for entering cells, similar to the poly-basic residues of the human immunodeficiency virus (HIV) trans-activator of transcription (TAT) protein. 8 Functionally, PTEN-L is fivefold more effective at binding to its substrate PtdIns(3,4,5)P3 than PTEN. 24 However, PTEN can be exported in exosomes. 25 Its recruitment to exosomes needs an adaptor protein, NEDD4 family-interacting protein 1 (Ndfip1), and the ubiquitination of K13 by neural precursor cell expressed developmentally downregulated protein 4-1 (NEDD4-1). The PTEN in exosomes is finally internalized by recipient cells to exert phosphatase activity. Discovery of the secretion and intercellular trafficking of PTEN-L and PTEN holds promise for the development of therapeutics that utilize external PTEN proteins to treat PTEN-deficient tumors.
REGULATION OF PTEN FUNCTIONS
As discussed above, PTEN plays important roles in both tumor suppression and immune responses. PTEN itself is also tightly regulated by other factors, such as miRNAs and transcriptional and post-translational modifications.
Aberrant methylation of the PTEN promoter can alter PTEN expression. 26, 27 Other known transcriptional regulatory factors include sal-like protein 4 (SALL4), which represses PTEN transcription through a histone deacetylase to the PTEN locus, transacting EMT transcriptional factor SNAIL and the oncogenic factor inhibitor of DNA binding 1 (ID1). 3 The normal functions of PTEN can be inhibited by redox. 28, 29 There is evidence to suggest that DJ-1, a redoxactive protein, can detoxify NO via transnitrosylation to PTEN, decreasing its phosphatase activity and promoting cell survival. Dysfunctional DJ-1 in Parkinson's disease patients could contribute to neurodegenerative disorders, which are caused by its failure of transnitrosylation to PTEN. 28 Other peroxides, such as H 2 O 2 and pbV, can also inhibit PTEN via reversible disulfide formation between C124 and C71, resulting in small structural changes. 29 Phosphorylation or dephosphorylation is another regulatory mediator of PTEN function, especially phosphorylation in the C2 and C-tail domains. Phosphorylation of the PTEN tail inactivates its function by transforming it into a closed conformation. Conversely, dephosphorylation of the PTEN tail favors a more open conformation that allows subsequent dimerization. These phosphorylation sites include Ser370, Ser380, Thr382, Thr383 and Ser385. 30, 31 The phosphorylation of Ser229, Thr232, Thr319 and Thr321 in the PTEN C2 domain regulates its subcellular localization and PTENmediated chemotaxis. 32 Tyr336 phosphorylation is related to PTEN degradation. 33 In addition, Tyr240 and Tyr315 phosphorylation could help to maintain phosphatase function of PTEN. 34, 35 Bolduc et al. 16 found that upon phosphorylation of the 380-385 Ser/Thr cluster, the PTEN C-terminal modified tail clamps down intramolecularly on the C2 domain, preventing PTEN from binding to the plasma membrane and reducing its catalytic action toward PIP3. Nguyen also proved that the phosphatase catalytic site forms the membrane-binding regulatory interface and interacts with the inhibitory phosphorylated C-terminal tail. 17 The effect of SUMOylation on PTEN function has also been studied. PTEN can be covalently modified by SUMO1 at both K266 and K254. SUMOylation of K266 is closely related to PTEN membrane localization, whereby it facilitates PTEN binding to the plasma membrane. 36 SUMOylation of PTEN K254 regulates its nuclear localization. After exposure to genotoxic stress, SUMO-PTEN was rapidly excluded from the nucleus, and this process depended on the phosphorylation of PTEN T398 by ataxia telangiectasia mutated. 20, 37 Acetylation can also regulate PTEN activity. It has been reported that PTEN is acetylated on K125 and K128 by PCAF, on K163 by HDAC6, and on K402 by CBP. [38] [39] [40] Among them, K125 and K128 are located at the catalytic center of PTEN. Their acetylation could downregulate the catalytic activity of PTEN. 38 K163 acetylation could inhibit the interaction of the PTEN C-tail domain with other domains of PTEN, resulting in PTEN membrane translocation. 39 K402 is located at the PDZ-BD domain of PTEN. CBP and SIRT1 are the major acetyltransferase and deacetylase involved in controlling K402 acetylation. Acetylation of K402 affects PTEN binding with other proteins through the PDB-BD domain. 40 Ubiquitination of PTEN also affects its activity. There are at least five lysine residues that may be ubiquitinated: Lys13, Lys48, Lys66, Lys80 and Lys289. 41 Monoubiquitination can influence the accumulation of PTEN in the nucleus. Polyubiquitination of PTEN leads to its degradation by the proteasome complex. In addition, different ubiquitinase and deubiquitinase enzymes control different aspects of PTEN properties. For instance, OTU deubiquitinase 3 depolyubiquitylates and stabilizes PTEN, 42 while PI3K/AKT phosphorylates makorin ring finger protein 1 (MKRN1) to promote PTEN degradation via its subsequent uniquitination. 43, 44 Other E3 ubiquitin ligases, such as NEDD4-1, X-linked inhibitor of apoptosis protein (XIAP) and WW domain-containing protein 2 (WWP2) can also ubiquitinate PTEN via K48-dependent polyubiquitin chains. Meanwhile, Shank-interacting protein-like 1 (SIPL1) ubiquitinates PTEN via K63, which in turn promotes the interaction between SIPL1 and PTEN. 45 Other modifications, such as Poly-ADP ribosylation, can also affect PTEN localization and stability. 46 
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A number of proteins are reported to regulate PTEN activity by modifying its conformation, stability, subcellular localization and lipid membrane binding, such as MAGI2, DJ1, MAST2, RhoA-dependent kinase 1 (ROCK1), platelet-derived growth factor receptor (PDGFR). 6, 11, 19, 47 In addition, Yes-associated protein (YAP), the main downstream target of the mammalian Hippo pathway, could downregulate PTEN by inducing miR-29 to inhibit PTEN translation. As PTEN is an upstream negative regulator of mammalian target of rapamycin (mTOR), YAP can activate mTOR and can promote mTOR-mediated cell proliferation through diminishing PTEN expression. 48 Notch, an important signal protein in T-cell development, can regulate PTEN expression through Hes1, which may directly repress PTEN promoter activity. 49 It is well known that miRNAs function in gene expression. The miRNAs that regulate PTEN expression have been extensively studied. So far, more than 40 miRNAs have been proven to regulate the expression of PTEN (Table 1) . During viral infection, virus-coding miRNAs can also target PTEN to regulate anti-viral immune responses. 50 
REGULATORY FUNCTIONS OF PTEN IN ADAPTIVE IMMUNITY

PTEN AND T CELLS
During T-cell development, there are many important events occurring, including β-locus rearrangement, proliferation, T-cell lineage commitment, β-selection, α-locus rearrangement, and negative and positive selection. The PTEN-related PI3K/ AKT pathway is related to many of these events (Figure 2) .
Adult hematopoietic stem cells (HSCs) are usually quiescent, but their proliferation rates increase upon exposure to cytokines. During the first stage of HSC development, PTEN is required to maintain quiescent HSCs and to modulate the HSC response to inflammatory cytokines. 51 Porter et al. 52 found that Pten-deficient HSCs do not require Granulocyte-colony stimulating factor (G-CSF) to mobilize, although they were hypersensitized to even low doses of exogenous G-CSF.
Juntilla and Koretzky 53 reported that the PI3K/AKT signaling pathway was important for thymocyte survival and proliferation at the β-selection checkpoint. Studies in mice with a conditional deletion of PTEN in thymocytes indicate that PI3K may affect V-DJ feedback inhibition during β-selection. T-cell receptor (TCR) β − cells aberrantly survive in mice that lack both PTEN and the CD3γ chain. Close to half of all doublepositive (DP) cells from Pten − / − Cd3γ − / − thymocytes lack intracellular TCRβ, indicating a failure of the β-selection checkpoint to eliminate cells without productive TCRβ − chain rearrangements. These results suggest that the expansion of TCRβ − cells is likely due to the rescue of cells that should have otherwise been destroyed. Hence, this would contribute to autoimmune disorders and lymphoid hyperplasia. 54 
Functions of tumor suppressor PTEN L Chen and D Guo
During the stem cell stage or the progenitor cell stage, PTEN knockout mice develop peripheral lymphomas and autoimmunity. In CD4+ T cells, PTEN deficiency enhances their helper function but does not lead to autoimmunity or lymphoma. PTEN-deficient Th cells proliferate more rapidly and produce greater levels of cytokines. 55 However, in terminally differentiated CD8+ T cells, the deletion of PTEN inhibits the development and the survival of memory CD8+ T cells by repressing interleukin-7 (IL-7) and IL-15 receptor expression. 56 PTEN is also important in T-cell activation. Full T-cell activation needs two signals, an antigen-specific TCR engagement signal and a co-stimulatory signal. TCR activation alone initiates T-cell anergy. By contrast, in PTEN knockout CD4+ T cells, TCR stimulation alone, without CD28 co-stimulation, is sufficient to induce hyperactivation of the PI3K pathway and to enhance IL-2 production. 57 However, in another study, knockout of all regulatory subunits of class 1A PI3K in T cells did not affect T-cell proliferation under the stimulation of two co-stimulatory signals. Its antiviral response remains normal, and its helper function to B-cell activation is impaired. 58 The disparity of these two findings concerning the role of PTEN in T cells should be investigated in future studies.
PTEN can negatively regulate the expression of immunosuppressive cytokines, including IL-10, IL-6 and VEGF, in a signal transducer and activator of transcription 3 (STAT3)-dependent manner in melanoma cells. Conditioned media from PTEN-deficient melanoma cells can block the production of IL-12 in DC cells. This inhibition can be rescued by restoring PTEN or by using neutralizing antibodies against the immunosuppressive cytokines. Blüml et al. 59 found that myeloid-specific deletion of PTEN in mice could reduce the expression of IL-23 and IL-6, which are important for Th17 polarization, and consequently affects the development of autoimmune arthritis. PTEN can also downregulate the expression of programmed death-ligand 1 (PD-L1) in melanoma cells. 60 PD-L1 can bind with programmed death 1 (PD-1) to transmit an inhibitory signal, which reduces the proliferation of antigen-specific CD8+ T cells in the lymph node. PTENdeficient carcinoma cells may evade immune responses this way, and the loss of PTEN promotes resistance to T-cellmediated immunotherapy, including the use of anti-PD-1. 61, 62 Moreover, cytokines may affect PTEN functions. For instance, transforming growth factor-β (TGF-β) was shown to induce the loss of PTEN enzymatic activity by phosphorylating the C terminus of PTEN, and tumor necrosis factor-α (TNF-α) has been shown to increase the expression of PTEN. 63 Exogenous administration of unphosphorylated PTEN can restore the TGF-β-induced loss of PTEN activity, and this strategy can be used in the treatment of some TGF-β-related diseases. 47 PTEN can influence cytokine-induced responses of the IL-2 receptor by regulating the AKT signaling pathway, which is normally related to the common γ-chain. γ-chain is a common subunit of IL-2 receptor subfamily members, which includes receptors for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21. After activation, the common γ-chain can transduce signals through three signaling pathways to promote cellular survival and proliferation: the PI3K-AKT pathway, the RAS-MAPK pathway and the JAK-STAT pathway. Upregulation of PTEN expression can provide an inhibitory signal to reduce the activation of the IL-2R signaling pathway after IL-2 binding. 64, 65 PTEN also participates in the immune tolerance of T cells. Suzuki et al. 66 found that, in conditional knock-out Pten flox/-mice, Pten flox/-T cells hyper-proliferate, are autoreactive, secrete increased levels of Th1/Th2 cytokines, and resist apoptosis. CD4+ T lymphomas are detectable, and negative selection of peripheral tolerance is impaired in Pten-deficient mice. By contrast, Soond et al. 55 showed that Pten loss in CD4+ T cells could not lead to lymphoma. It could be concluded that PTEN deletion in T cells in different maturity stages may lead to different results. This phenomenon could partially explain the mechanisms of some autoimmune diseases and tumorigenesis. 66 Treg cells are indispensable for regulating the degree of immune response and for preventing the activation of autoreactive T cells. Bensinger et al. 65 found that Treg-cell hypoproliferation after IL-2 stimulation is caused by the high expression of PTEN, which can inhibit AKT signaling pathway. Deletion of PTEN can enhance the peripheral homeostasis of Treg cells in vivo and can allow their expansion ex vivo in response to IL-2 alone. 64 PTEN deficiency in Treg cells can upregulate the activity of mTORC2 and AKT, resulting in exuberant interferon-γ (IFN-γ) production, excessive T FH cell and germinal center response, and spontaneous inflammatory disease. 67, 68 Qiang et al. proved that PTEN can modulate Treg cells and inflammatory responses through the β-catenin signaling pathway in mouse liver ischemia and reperfusion injury. 69 Moreover, PTEN can regulate the reciprocal balance between Th17 and Tregs through downregulating STAT3 activation. 70 PTEN AND B CELLS B-cell activation is partially dependent on the intercellular signal transduction of CD19, which is closely related to AKT signal activation. The negative regulation of PTEN to AKT signaling pathways exerts effects on the proliferation, activation and survival of B cells. PTEN governed B-cell subsets, especially B1, follicular B cells, and marginal zone B cells, and was required for immunoglobulin (Ig) classswitching. PTEN-deficient mice have increased numbers of autoantibody-producing B1 B cells. 71 PTEN also participates in suppressing negative selection and promotes the oncogenic transformation of pre-B cells. 72 
FUNCTIONS OF PTEN IN INNATE IMMUNITY AND ANTIVIRAL DEFENSE
PTEN is also intricately involved in innate immunity. In humans, innate immune components include innate immune cells, such as macrophages, neutrophils, natural killer (NK) cells, and innate immune molecules, such as pattern recognition receptors (PRRs), proinflammatory cytokines, and IFNs. In addition, nonimmune cells are also involved in innate immunity.
Functions of the PTEN-related AKT signaling pathway in immune and inflammatory responses are controversial. Deletion of PTEN in myeloid cells could enhance macrophage phagocytosis, reduce pulmonary neutrophil influx, diminish TNF-α, increase IL-10 and improve survival after S. pneumonia infection. 73 In addition, PTEN acts as an important regulator of NK cell localization. Leong et al. found that in an NK cellspecific Pten-deletion mouse model, there was a significant expansion of peripheral blood NK cells and the premature egress of NK cells from the bone marrow due to selective hyper-responsiveness to the blood localizing chemokine sphingosine 1-phosphate. PTEN-deleted NK cells were defective at migrating to distal tumor sites but can clear migrated tumor cells in the blood. 74 For PRR, LPS-challenged PTEN-deficient macrophages display profoundly reduced TNF-α release and diminished activation of MAPKs. PTEN is also responsible for the elevated production of cytokines, such as IL-6, in response to Toll-like receptor (TLR) agonists. Moreover, the deletion of PTEN results in diminished inflammatory responses. PTEN deletion can induce arginase I expression and secretion by increasing the expression of C/EBPβ and STAT3. 75 In addition, it can enhance GKS3β activation and thus promote an inflammatory response to TLR agonists in macrophages. 73 Kamo et al. 76 found that the knockdown of PTEN could promote AKT/β-catenin/Foxol signaling and could down-regulate TLR4 expression in mouse liver cells responding to ischemia/reperfusion injury. The same signaling pathway may also trigger highmobility group box 1-mediated innate immune response in acute lung injury. 77 Recently, our group demonstrated that PTEN can directly regulate IFN response signaling pathways and thus plays a pivotal role in antiviral innate immunity. 53 We found that phosphorylation at Ser97 of interferon regulatory factor 3 (IRF3) prevents IRF3 from nuclear import and that PTEN phosphatase can dephosphorylate at Ser97, thus releasing IRF3 from negative regulation (Figure 3) . Consequently, knockout of PTEN disrupts nuclear import and the activation of IRF3. We showed that PTEN-depleted cells or PTEN-deficient cancer cells have a low level of type I IFN responses and are more sensitive to virus infection. This type of IFN regulation signaling pathway may affect not only the anti-viral innate immune response but also the anti-tumor effect. 78, 79 This finding may explain why PTEN-deficient tumor cells are more permissive to IFN-sensitive oncolytic viruses and may help to optimize the regimen of viral oncolytic therapies in the future.
IFN also negatively regulates PTEN through interferonstimulated genes (ISGs). For example, ISG-15, a ubiquitinlike modifier, could directly conjugate with PTEN and regulate the stability of PTEN protein. In addition, ubiquitin-specific peptidase 18 (USP18) could help to stabilize PTEN by acting on ISG-15. 80 
PERSPECTIVES
Since the discovery of PTEN as a tumor suppressor~20 years ago, more than 12 000 research papers on the functions of PTEN have been published. Although the functions and mechanisms of PTEN in tumor suppression are extensively studied, the roles of PTEN in adaptive and innate immunity have only just begun to be revealed. We believe that studies on Figure 3 Schematic diagram of the function of PTEN in the dephosphorylation of IRF3 and the regulation of its nuclear import. The S396 site represents a positive phosphorylation site that is essential for IRF3 activation, and the S97 site is a newly identified negative phosphorylation site that controls the nuclear import of IRF3. IFN, interferon; IRF3, interferon regulatory factor 3; ISGs, interferon-stimulated genes; PRR, pattern recognition receptor. Although the principal functions of PTEN are well documented, a number of critical questions about the underlying mechanisms remain to be answered. For example, most domains of PTEN are structured, but it is not fully clear how PTEN forms a dimer and whether there are other proteins involved in the transition between dimer and monomer. Recently, several new substrates of PTEN, such as IRF3 and AKT, have been identified 81 and indicate that PTEN is involved in the regulation of a complex signaling network. Therefore, other unknown substrates need to be further identified and studied.
As to the immune regulation of PTEN, its roles in T-cell development are well established, and those in B-cell development and innate immune responses are far from unambiguous. The findings by our group highlight that PTEN is critical for IRF3 activation and that the IFN response may represent the tip of the iceberg for functions in innate immunity. Current knowledge of the functions of PTEN in adaptive immunity is mostly limited to the PI3K/AKT signaling pathway. Are there any other pathways involved in adaptive immune responses that are regulated by PTEN? What is the relationship between and crosstalk of those different pathways? Can innate immunity and adaptive immunity affect each other through crosslinking between these pathways? What is the impact of the factors that regulate PTEN function on immune responses? Are there immune molecules that can regulate PTEN and that can function both in tumor suppression and in antiviral immunity? Answers to these questions will deepen our understanding of the functions and regulatory mechanisms of PTEN in antitumor and antiviral responses, which will further benefit the development of PTEN-related therapies of human cancer and viral diseases.
